1. Introduction {#sec1-ijms-16-26189}
===============

Uremia is a clinical syndrome resembling systemic poisoning \[[@B1-ijms-16-26189]\], characterized by a variety of clinical symptoms that develop and worsen as kidney failure proceeds, due to the retention of various solutes, which are normally excreted by the kidney, called uremic toxins. The principal aim of renal replacement therapies is the removal of uremic toxins, targeted at an improvement in quality of life and survival. Hemodialysis (HD) is by far the most commonly used modality for chronic renal replacement: more than 1.7 million patients are currently treated with HD worldwide, a number that is growing at a rate of approximately six-to-seven percent annually.

In the extracorporeal HD system, blood is allowed to flow via a peristaltic pump into a special filter (hemodialyzer) whereby waste products and excess water are removed across a semipermeable membrane separating flowing blood from the dialysate stream; the cleaned blood is then returned to the patient's body, while wastes are discharged. The main determinant of the success and the quality of HD therapy is represented by the artificial membrane packed into the hemodialyzers. Membranes are thin barriers capable of providing the removal of substances between adjacent phases, so that chemical and biophysical control consistent with continued survival is achieved. Moreover, protein adsorption following the contact of blood with the membrane material during the HD procedure is vital to the bio(in)compatibility of a membrane material, a justifiable concern in dialysis \[[@B2-ijms-16-26189],[@B3-ijms-16-26189]\].

Today, most membrane materials follow the concept of first generation biocompatible materials. In these biomaterials the engineering aims to achieve an appropriate combination of chemical and physical properties, which may be useful in replacing the basic function of the original tissue with a minimal response in the host \[[@B4-ijms-16-26189]\]. Second generation materials, as defined by HD procedure associated with bioactive components in order to elicit a specific biological response at the interface of the material, are currently being developed by combining biochemically active compounds such as vitamin E to scavenge oxygen reactive species \[[@B5-ijms-16-26189]\]. Although these materials provide a fundamental therapeutic technology for end-stage renal disease (ESRD) patients, they are still far from developing a precision healthcare approach dedicated to the specific physiopathological conditions of different individuals. As such, third and fourth generations biomaterials are not currently available in renal replacement therapies. To develop such membranes requires the collection of basic primitive systematic evidence that proteomic investigations may provide ([Figure 1](#ijms-16-26189-f001){ref-type="fig"}).

![Evolution over time of biomaterials for hemodialysis membrane. Solid lines represent the material generation currently available in Hemodialysis (HD), dashed lines are used for material generation which are not presently available.](ijms-16-26189-g001){#ijms-16-26189-f001}

Proteomic investigations enable analysis of complex multivariate protein functional mechanisms in a defined biochemical experimental model, and can be performed either as unsupervised or as targeted analysis. Application of proteomics has become one of the leading technologies for increased understanding of the key role played by proteins and protein--protein interactions in all aspects of cell function. There is an increasing use of proteomic technologies for investigation into renal replacement therapy such as HD \[[@B6-ijms-16-26189]\]. In the last 10 years, the application of 2 dimensional electrophoresis (DE) separation techniques has been almost completely substituted by the use of shotgun bottom-up liquid chromatography (LC)-mass spectrometry (MS)/MS approaches. These analyses are more convenient and reproducible, however they provide molecular information at the peptide level only, thus subtle definition of specific protein isoforms available in the 2DE is often missing. More recently, the definition of top-down strategies in high resolution LC-MS/MS experimental set up is providing a new ground to define the specific proteoforms and their tentative association with specific biological states.

These newly developed MS techniques have been successfully applied to research in uremic toxicity, with the discovery of novel uremic toxins and the potential to define a precise molecular approach to defining the biochemical nature of uremia. Proteomic investigations associate genomic information with functional insight into the mechanisms involved in the interactions between the artificial membrane material and blood, thus providing the basic knowledge for generation of third-generation HD biomaterials. Moreover, to develop new concepts in the engineering of smart-biomaterials---fourth generation materials that may mimic nature's hierarchical structural assemblages providing a framework to underpin the spatial and temporal relationships of molecular events during the life span of a patient---will necessarily require the collection of proteomic data. In fact new multifactorial molecular evidence will be needed if we are to achieve the complexity necessary to mimic natural tissues.

In this article, we review the results of recent proteomic investigations in the setting of chronic HD therapy ([Table 1](#ijms-16-26189-t001){ref-type="table"}). Studies of uremic solute removal tend to segregate into biological mechanisms, clinical associations and dialyzer kinetics. This review focuses on the latter.
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###### 

Major investigations of Proteomics in Hemodialysis Therapy.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Molecular definition of Uremic toxinsIdentification of prognostic biomarkersBlood purification efficiency testingBiocompatibility assessment of filter materials
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------

2. Dialytic Solute Removal {#sec2-ijms-16-26189}
==========================

Uremic toxins can be classified according to their physicochemical characteristics, which in turn affect how they are removed dialytically. Uremic retained solutes can thus be schematically classified \[[@B7-ijms-16-26189]\] into three main groups: (1) the small water-soluble compounds (molecular weight (*M*~W~) \< 500 Da), with urea as a prototype; (2) the larger "middle molecules" (*M*~W~ \> 500 Da), with β~2~-microglobulin as a prototype; (3) the protein-bound compounds, which include both small and middle molecules, with *p*-cresol as a prototype. In 2003, The European Uremic Toxin Working Group (EUTox-group) classified 90 retention solutes; of these, 22 were middle molecules (12 having a *M*~W~ \> 12 kDa), while 25 solutes, essentially small solutes, were protein bound \[[@B7-ijms-16-26189]\]. Protein-bound uremic toxins may contribute to the pathophysiology of cardiorenal syndrome \[[@B8-ijms-16-26189]\].

During the extracorporeal procedure, mechanisms removing unwanted solutes and excess fluid from blood include diffusion, convection, and/or adsorption \[[@B9-ijms-16-26189]\]. Diffusion refers to the molecular movement of solutes from a region of greater concentration to a region of lesser concentration; it is particularly effective in removing small sized solutes into outflow dialysate fluid. The bulk movement of fluid in response to a hydraulic or osmotic force is referred to as convection, and results in the transport of small and medium sized solutes by the solvent drag into the ultrafiltrate. The importance of improving removal of middle molecules has been highlighted as a possible way to ameliorate the morbidity and mortality associated with HD \[[@B10-ijms-16-26189]\]. High adsorptive properties of some hydrophobic synthetic membranes may also significantly contribute to solute clearance during the extracorporeal procedure. Noxious compounds that are removed by adsorption onto the HD membrane include β~2~-microglobulin, tumor necrosis factor, and peptides \[[@B11-ijms-16-26189],[@B12-ijms-16-26189]\]. However, excessive protein adsorption can limit the diffusive and convective capacity of a membrane, thereby reducing its therapeutic usefulness. In addition, certain synthetic polymers can bind erythropoietin \[[@B13-ijms-16-26189]\] and medications \[[@B14-ijms-16-26189]\], resulting in unwanted effects.

Many factors influence the concentration of uremic solutes in dialyzed patients \[[@B15-ijms-16-26189]\]. These factors may be patient related (age, body weight, food intake, and residual renal function), dialysis related (schedule, dialyzer characteristics, blood and dialysate flow), and solute related (*M*~W~, compartmental distribution, protein binding, electrostatic charge, and intracellular concentration). Compartmentalization of solutes has important implications, since removal is less affected by the use of high-flux or large pore size dialyzers for solutes that behave like large molecules due to multicompartmental distribution. The intermittency of HD treatment, which is generally provided thrice weekly, is another relevant factor contributing to fluctuations in solutes' concentration.

During the extracorporeal dialysis procedure, both intended and unintended removal may occur. Examples of the latter are represented by losses of water-soluble vitamins, and losses of proteins and amino acids, which are inevitably associated with a high removal of middle or large MW solutes. The concept of unintended removal is however closely linked to the lack of adequate knowledge about the toxicity of solutes. We clearly need a more specific removal of uremic toxins. However, to accomplish this, the basic metabolic disturbances taking place in uremia and the toxic compounds responsible for the disturbances have to be better defined.

3. Proteomic and Uremic Toxicity {#sec3-ijms-16-26189}
================================

To date, more than 115 uremic toxins have been identified \[[@B16-ijms-16-26189]\], and more are expected. Two main points about uremic toxins and research into them emerged and have been highlighted in a recent paper \[[@B17-ijms-16-26189]\]: (i) the importance of a standardized approach to testing the biologic effect of uremic retention solutes, using appropriate concentrations and control conditions, taking into account (especially for protein-bound solutes) the albumin content of the test medium, and excluding confounding factors like contamination by bacterial derivatives \[[@B18-ijms-16-26189]\]; (ii) that the strength of the biological effect of uremic retention solutes is related to their concentration, which is affected not only by dialysis removal but also by endogenous metabolism generation, especially for the small water-soluble compounds such as the guanidine compounds or the purines, and the middle molecules \[[@B19-ijms-16-26189],[@B20-ijms-16-26189]\]. Some molecules, like the advanced glycation end products (AGEs), are present in food and absorbed unmodified \[[@B19-ijms-16-26189]\], whereas several protein-bound solutes and volatile compounds are metabolites produced by the natural digestion process \[[@B19-ijms-16-26189],[@B20-ijms-16-26189],[@B21-ijms-16-26189],[@B22-ijms-16-26189]\], then transformed by the intestinal wall or the liver via conjugation \[[@B23-ijms-16-26189]\]. For example, tyrosine is modified by the intestinal microbiota into *p*-cresol, to be further metabolized in the body to *p*-cresylsulfate and *p*-cresylglucuronide \[[@B24-ijms-16-26189],[@B25-ijms-16-26189],[@B26-ijms-16-26189]\]. This further indicates the complexity of uremic toxicity and its biological/biochemical environment.

3.1. Characterization of Uremic Toxins {#sec3dot1-ijms-16-26189}
--------------------------------------

By using proteomic technologies, many efforts have been made to characterize uremic toxins \[[@B27-ijms-16-26189]\]. In a pilot study of serum proteomic expression proteins in HD patients, surface-enhanced laser desorption/ionization time-of-flight MS (SELDI-TOF MS) analysis demonstrated 30 well-defined protein differences between patient and control samples, 15 proteins being increased and 15 proteins decreased; this similarity in protein profiles among HD patients suggests they have a major effect on patients' physiological responses to ESRD and/or dialysis therapy \[[@B28-ijms-16-26189]\]. In uremic ultrafiltrate obtained during HD with high-flux dialyzers, a total of 21 forms of six unique proteins were identified as potential uremic toxins \[[@B29-ijms-16-26189]\]. A subsequent study by EUTox showed a low consensus between the polypeptide profile obtained during HD in both dialysate and ultrafiltrate and the urinary proteome profile, which suggests that renal replacement therapy cannot substitute all aspects of the kidney function, and that the artificial dialyzer membrane is not comparable with the native kidney \[[@B30-ijms-16-26189],[@B31-ijms-16-26189]\]. Polypeptides \> 5 kDa were almost exclusively detected in the uremic ultrafiltrate obtained with high-flux membranes \[[@B31-ijms-16-26189]\]; two such polypeptides were identified as fragments of salivary proline-rich protein and α-fibrinogen \[[@B31-ijms-16-26189]\], whose functional significance is, however, unclear. In a recent review of MS studies on uremic toxins, Niwa \[[@B32-ijms-16-26189]\] highlighted how accumulation of protein-bound low-molecular weight solutes which are not efficiently removed by HD conventional membranes because of their high albumin-binding property, such as indoxyl sulfate, *p*-cresyl sulfate, and 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid, might play an important role in the development of uremic complications. Because of the high levels of indoxyl sulfate in uremic patients and its proven uremic toxicity in experimental models \[[@B32-ijms-16-26189]\], this molecule is considered the most promising protein-bound uremic toxin as a biomarker of progress in chronic kidney disease (CKD). More recently, plasma proteome of CKD stage 2--3 patients and CKD stage 5 patients on HD was examined using high-resolution LC-MS/MS analysis in a holistic, large scale, integrative approach \[[@B33-ijms-16-26189]\]. Out of a total of 2054 detected proteins in the plasma of HD patients, 127 displayed lower, while 206 displayed higher abundance than the proteome of patients at an earlier CKD stage. Modification of known processes involved in CKD complications such as increased inflammation, complement activation and vascular damage, and decreased hemostasis was shown by molecular pathway analysis \[[@B33-ijms-16-26189]\]. This was another effort to identify and characterize uremic toxicity, providing a comprehensive assessment of CKD plasma proteome.

3.2. Characterization of Protein Damage Products {#sec3dot2-ijms-16-26189}
------------------------------------------------

Chronic uremia is characterized not only by an increase in oxidative stress, but also by a more generalized increase in "carbonyl stress" (carbonyl overload) resulting in chemical modifications of proteins and in accumulation of AGEs and advanced lipoxidation end products in plasma and tissue proteins \[[@B34-ijms-16-26189]\]. Proteomic investigations have proved an effective tool for the identification and molecular characterization of protein damage products, a heterogeneous class of uremic toxins with pro-inflammatory and pro-oxidant properties \[[@B35-ijms-16-26189]\]. In the uremic environment, proteins may undergo posttranslational modifications that are not detectable by standard analytical techniques and may render the protein toxic. A glycated form of β2-microglobulin, for example, is thought to be implicated in the occurrence of dialysis-associated amyloidosis \[[@B36-ijms-16-26189]\] and in loss of membrane phospholipid asymmetry with phosphatidylserine exposure in human red blood cells \[[@B37-ijms-16-26189]\], a finding of pathophysiological significance \[[@B38-ijms-16-26189]\]. In addition, in uremic patients it has been demonstrated that plasma proteins are susceptible to carbonyl formation, an alteration including not only the major plasma proteins \[[@B39-ijms-16-26189],[@B40-ijms-16-26189]\] but also several proteins present in the blood in small amounts \[[@B41-ijms-16-26189]\]. Hemodialysis treatment may adversely affect the carbonyl balance and exacerbate carbonyl stress \[[@B41-ijms-16-26189],[@B42-ijms-16-26189],[@B43-ijms-16-26189],[@B44-ijms-16-26189]\]. Identification of the exact biological mechanisms involved in HD-induced carbonylation of some plasma proteins might help define the dialysis strategies that best offset carbonyl overload. Indeed, although the pathophysiological significance of protein carbonylation in uremia remains to be definitively established, carbonyl stress may be of relevance to various long-term complications \[[@B45-ijms-16-26189],[@B46-ijms-16-26189]\]. Carbonylation of fibrinogen may be involved to the impaired clotting activity found in patients on HD \[[@B47-ijms-16-26189]\]; carbonylation of ceruloplasmin and haptoglobin can impair the antioxidant properties of those proteins \[[@B48-ijms-16-26189],[@B49-ijms-16-26189]\]; accumulation of AGEs may be a pathogenetic factor for low bone turnover \[[@B50-ijms-16-26189]\]; oxidative alteration of albumin may adversely affect its vasculoprotective effects \[[@B39-ijms-16-26189],[@B51-ijms-16-26189]\]; carbonyl stress may contribute in the pathogenesis of alteration in left ventricular geometry and function \[[@B46-ijms-16-26189]\]; and, finally, carbonylated albumin may play a role in the early atherogenic events of chronic uremia by directly damaging the endothelium \[[@B41-ijms-16-26189]\].

3.3. Other Investigations {#sec3dot3-ijms-16-26189}
-------------------------

Some other investigations concentrate on the potential use of proteomics in exploring the uremic pathophysiology and in assessing the response to therapeutic interventions. Vitamin C deficiency is thought to be a contributing factor to sustained oxidative stress in HD patients \[[@B52-ijms-16-26189]\]. Plasma proteomic assessment of HD patients receiving 250 mg oral vitamin C supplementation thrice weekly for two months revealed normalization of the abnormal levels of some polypeptides \[[@B53-ijms-16-26189]\]. In a four-year prospective study on 134 HD patients, levels of 12 cytokines were measured using a proteomic biochip system and correlated to the clinical outcome \[[@B54-ijms-16-26189]\]. A significant and specific enhanced hazard ratio of cardiovascular mortality (hazard ratio 11.32, 95% confidence interval 2.52 to 50.90; *p* \< 0.01) was found to be associated with interleukin (IL) 6. Interestingly, the cytokine (IL-4 + IL-6 + IL-10)/(IL-2 + Interferon γ) ratio, a marker of lymphocyte T helper subset cytokine secretion, proved to be useful in identifying patients with an increased non cardiovascular mortality risk \[[@B54-ijms-16-26189]\]. Furthermore, recent observations obtained by complementary proteomic approaches consistently indicate that the functional and compositional properties of high density lipoproteins (HDL) are affected by qualitative abnormalities in ESRD patients, which might impact on the proposed cardioprotective properties of HDL \[[@B55-ijms-16-26189],[@B56-ijms-16-26189],[@B57-ijms-16-26189]\]. In particular, 22 proteins were significantly increased and six proteins significantly decreased \[[@B57-ijms-16-26189]\]. Since protein increase in HDL from uremic blood has been associated with atherosclerosis and inflammation, quantification of proteins in HDL might be a useful tool when assessing the cardiovascular risk of HD patients: it should be noted that the cardioprotective mechanisms of HDL (cholesterol acceptor capacity and antioxidative capacity) remain suppressed after kidney transplantation, regardless of graft function \[[@B58-ijms-16-26189]\].

4. Proteomic and Extracorporeal Blood Purification {#sec4-ijms-16-26189}
==================================================

Proteomics has also been used in the HD setting for critical assessment comparing the blood purification efficiency of different dialyzer membrane materials or different extracorporeal strategies, which can help in understanding the relevance of protein removal during renal replacement therapy.

4.1. Hemodialysis {#sec4dot1-ijms-16-26189}
-----------------

A comparison between dialysate obtained from patients on high-flux and low-flux dialyzers by means of capillary electrophoresis coupled to MS showed 2515 different polypeptides (based on size and elution time) in the high-flux membrane filtrate and 1639 in the low-flux membrane filtrate \[[@B30-ijms-16-26189]\]. Proteins removed into outflow dialysate fluid and proteins adsorbed onto two different dialysis membranes, polysulfone and polymethylmethacrylate (PMMA), were profiled during clinical HD by lshikawa *et al.* \[[@B59-ijms-16-26189]\] using SELDI-TOF MS. A greater reduction rate of serum β~2~-microglobulin was found with the PMMA membrane. The intensity of the protein peak that SELDI identified as β~2~-microglobulin was greater in the outflow hemodialysate fluid when using the polysulfone membrane, whereas in contrast, the PMMA membrane adsorbed the protein in a greater amount. In a subsequent analysis, Dihazi *et al.* \[[@B60-ijms-16-26189]\] detected in the dialysate fluid derived from high-flux membranes ≥ 58 SELDI peaks with a mass per charge of 2000--150,000, and in the dialysate derived from low-flux membranes only 6--10 spectra in the range of 2000--12,000. In the latter fluid, the absence of high *M*~W~ proteins was confirmed by western blot analysis \[[@B60-ijms-16-26189]\]. The difference detected in the removal of uremic toxins reflects the lower efficacy of low-flux membranes. In a randomized cross-over study comparing three new-generation high-flux polysulfone membranes, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad Laboratories, Hercules, CA, USA) scanning of spent dialysate showed significant differences in the removal of middle molecules (MW 8--60 kDa), which were not detected by blood measurements. In particular, while no difference in removal of small molecular weight compounds was observed, β2-microglobulin reduction differed among the three dialyzers \[[@B61-ijms-16-26189]\]. In a prospective cross-over study, we compared the plasma protein adsorption properties of cellulose triacetate, a modified cellulose membrane, and of the synthetic polymer polysulfone-based helixone \[[@B62-ijms-16-26189]\]. Analysis of proteins in eluate using MS analysis (matrix-assisted laser desorption/ionization (MALDI)-TOF/TOF spectrometer, Bruker-Daltonics, Bremen, Germany), MS/MS sequencing and Shotgun analysis by nanoLC-MS demonstrated significant differences in the protein adsorption profile of the two membrane materials. We found in particular that 22 proteins tended to concentrate in helixone (low-abundance plasma proteins) and 32 in cellulose triacetate (mostly high-abundance plasma proteins) membranes, the difference being related to membrane material and not to patient characteristics \[[@B62-ijms-16-26189]\].

4.2. Other Blood Purification Strategies {#sec4dot2-ijms-16-26189}
----------------------------------------

Pedrini *et al.* \[[@B63-ijms-16-26189]\] employed Multidimensional Protein identification Technology to characterize in a prospective crossover study the removal of middle-molecular weight solutes during high-volume post-dilution hemodiafiltration (a mixed diffusive/convective dialytic technique) with two high-flux dialyzer membranes (Amembris and Polyamix). A total of 277 proteins were identified by the proteomic approach in the dialysate fluids, removal capability being higher with the Amembris membrane (B. Braun Avitum, Melsungen, Germany). This is another effort to steer research toward a better knowledge of uremic toxins and the balance between intended and unintended removal of undesired and beneficial proteins \[[@B63-ijms-16-26189]\]. In a proteomic investigation on extracorporeal blood purification techniques, Monari *et al.* \[[@B64-ijms-16-26189]\] showed that HFR (HemoFiltration with endogenous on-line Reinfusion), an integrated dialysis technique that combines convection, diffusion, and adsorption, is better than standard HD at removing uremic toxins, especially medium-high MW molecules. By analyzing the proteomic profile of ultrafiltrate samples collected during the extracorporeal procedure, the authors compared the extraction rate of two different polysulfone membranes used for the convective chamber in the HFR dialyzer: polyphenylene High Flux (pHF) and polyphenylene Super High Flux (pSHF). β~2~-microglobulin, cystatin C, complement factor D and A1AG1 (representative uremic retention solutes), NGAL (one of the most promising biomarkers of acute kidney injury and a stress marker in chronic dialysis), zinc-α~2~ glycoproteìn, transferrin and complement factor B (known to play a role in the inflammation process during kidney disease), were monitored. The investigation showed how in the initial phase (15 min) of the dialysis session, there is a higher extraction performance by pHF membrane (Bellco Srl, Mirandola, Italy), while conversely at the end of the treatment (235 min) all protein spots were being extracted to a greater extent by pSHF membrane (Bellco Srl). Overall, pSHF membrane displayed higher permeability and better performance in removing middle molecules related to uremic syndrome \[[@B64-ijms-16-26189]\]. By using the same extracorporeal technique, Cuoghi *et al.* recently evaluated the performance of a new polysulfone membrane (Bellco Srl), Synclear 0.2, in removing uremic molecules \[[@B65-ijms-16-26189]\]. This membrane was found to have higher purification efficiency than conventional ones. Use of Synclear 0.2 has enabled the limit of the "albumin wall" to be surmounted without loss of important nutrients, whilst clearing middle-high *M*~W~ uremic toxins, hence improving dialysis purification efficiency \[[@B65-ijms-16-26189]\]. Besides convection, the results of a recent randomized cross-over study suggest that dialysis time extension may be another strategy to improve the removal of non-conventional uremic toxins \[[@B66-ijms-16-26189]\]. The reduction ratio and total solute removal of protein-bound uremic toxins, AGEs and dicarbonyl compounds (as determined by ultra-performance LC-tandem MS) were calculated in 13 stable conventional HD patients randomly completing a single session of 4-h HD, 4-h hemodiafiltration (HDF), 8-h HD and 8-h HDF. Blood flow and dialysate flow were identical in HD and HDF treatments, thereby allowing one to separate the time and convection components. Extended HD and HDF proved to be associated with enhanced reduction ratio and removal of investigated compounds compared to shorter (4 h) sessions. The highest reduction ratio was obtained with extended HDF, though it was superior to extended HD for only a few compounds \[[@B66-ijms-16-26189]\]. The results of this interesting study need to be investigated in future prospective trials to assess their clinical relevance.

5. Proteomics and Protein Adsorption onto Dialysis Membrane {#sec5-ijms-16-26189}
===========================================================

An important feature of membranes used for chronic HD therapy in ESRD patients is represented by their adsorptive properties \[[@B67-ijms-16-26189],[@B68-ijms-16-26189]\], largely depending on surface characteristics such as hydrophilicity, roughness, charge, and chemistry \[[@B69-ijms-16-26189]\]. Deposition and adsorption of plasma proteins occurs almost immediately upon blood exposure to artificial membranes surfaces. In addition to the effects described in [Section 2](#sec2-ijms-16-26189){ref-type="sec"}, protein adsorption mainly governs the bio(in)compatibility of membranes. Indeed, several biologic pathways such as the blood coagulation cascade, the complement and the fibrinolytic systems, and cellular mechanisms \[[@B70-ijms-16-26189],[@B71-ijms-16-26189],[@B72-ijms-16-26189],[@B73-ijms-16-26189]\] may be triggered by the interaction with activated proteins surface-adsorbed, with potential pathophysiologic consequences. On the other hand, the biocompatibility profile of dialysis membranes might be increased by adsorption of complement fragments C3a and C5a \[[@B74-ijms-16-26189]\], complement factor D \[[@B75-ijms-16-26189]\], and high *M*~W~ kininogens \[[@B76-ijms-16-26189]\]. Thus, during the development of biomaterials to be used for HD therapy protein adsorption should be carefully controlled \[[@B77-ijms-16-26189]\], ideally by evaluating the amount, composition and conformational change of the proteins adsorbed. Hitherto, however, detailed analysis of protein adsorption onto HD membrane materials has been greatly limited by the absence of adequate protein separation and identification techniques.

Proteomic approaches may make it possible to investigate protein adsorption in an unbiased manner and in its full complexity. Over the last few years, we have been investigating the suitability of such techniques in the case of dialysis membranes. Our first *in vitro* HD system, using hollow-fiber minidialyzers, investigated the protein-binding characteristics of two different materials employed for HD membranes: cellulose diacetate and ethylenevinyl alcohol \[[@B78-ijms-16-26189]\]. By two-dimensional PAGE and nanoLC-MS/MS analysis, we identified a number of different proteins as common or characteristic of filter material interaction. In particular, 10 proteins were adsorbed to a greater extent onto cellulose diacetate, whereas another four proteins were detected on ethylenevinyl alcohol membrane \[[@B78-ijms-16-26189]\]. Subsequently, by developing an *ex vivo* apparatus to study protein adsorption in a parallel set of experiments, we investigated membrane biocompatibility by correlating the chemical feature of the membrane surface with the adsorbed proteome repertoire, the profiling strategy being based on 2DE separation of adsorbed proteins coupled to MALDI-TOF/TOF analysis \[[@B79-ijms-16-26189]\]. Dialyzers composed of either cellulose triacetate or the polysulphone-based helixone materials were used. The total protein adsorption did not differ between the two materials investigated. However, while 179 protein spots were visualized for helixone a map of retained proteins onto cellulose triacetate was made up of 239 protein spots. In the cellulose triacetate map a number of different protein spots belonging to the gene transcript of albumin were identified. In contrast, helixone bound only a small proportion of albumin, but resulted particularly active in retaining proteins associated with the coagulation cascade such as the fibrinogen isoforms, and low molecular weight fragments of fibrinogen, which may reflect the occurrence of fibrinolytic and procoagulatory activity upon exposure of blood to the membrane material \[[@B79-ijms-16-26189]\]. Our data suggest that proteomic techniques are a useful approach for the investigation of proteins surface-adsorbed onto HD membranes, and may also provide a molecular basis for interpreting the efficacy and safety of anticoagulation treatment used during renal replacement therapy to avoid clotting of the extracorporeal circuit. This issue was investigated more deeply in a recent investigation using shotgun proteomics (data-independent analysis) on eluate obtained with cellulose triacetate or helixone membrane materials after an *in vivo* dialysis clinical session \[[@B80-ijms-16-26189]\]. The involvement of adsorbed proteins in important molecular processes such as lipid transport and metabolism, cell growth differentiation and communication, and the coagulation cascade was demonstrated by functional classification and network analysis performed using bioinformatics tools. The different panels of proteins adsorbed onto each membrane were further confirmed by targeted MS using selected reaction monitoring on proteotypic transitions of key protein effectors. A slightly higher platelet activation profile after the dialysis session using helixone filter cartridges also was found. These results highlight a modulation during HD of the coagulation profile, which is largely connected with the biomaterial used \[[@B80-ijms-16-26189]\].

In other investigations, Ishikawa *et al.* \[[@B59-ijms-16-26189]\] observed by SELDI-TOF MS analysis that 169 peptides were adsorbed more onto a PMMA membrane, while the polysulfone membrane adsorbed to a greater extent 68 peptides, particularly those with mass per charge \< 11730. Aoike \[[@B81-ijms-16-26189]\] reported a proteomic analysis in HD patients complaining of pruritus, a common and troublesome complication in such patients. It had been shown that use of a slightly anionic PMMA membrane (BG series) can ameliorate HD-associated pruritus \[[@B82-ijms-16-26189]\]. By using two different proteomic approaches, a purification approach and a pre-filtration approach, it was observed that the slightly anionic PMMA membrane can adsorb compounds with a MW up to 160 kDa, which interestingly displayed a stimulating effect (histamine release) on mast cells \[[@B81-ijms-16-26189]\]. Mares *et al.* \[[@B83-ijms-16-26189]\] investigated the molecules involved in blood-dialyzer interaction during HD. Proteins adsorbed onto the polysulfone F6 low-flux membrane were eluted, separated by 2D-gel electrophoresis, and analyzed by tandem MS when present in all patients. Eighty-four out of 153 detected proteins were found in all patients, 57 of them being successfully identified as 38 components of 23 unique proteins. Ten protein spots with a relative eluate intensity significantly different from that in the plasma, which is suggestive of preferential adsorption and hence of a special interaction with the membrane, were revealed by quantitative intensity analysis and included ficolin-2 and clusterin, which are involved in complement activation. These data suggest a possible role by the lectin complement pathway upon contact of blood with the polysulfone membrane, which contributes to dialyzer bio(in)compatibility \[[@B83-ijms-16-26189]\].

It thus appears that regardless of its origin, cellulosic or synthetic, each dialysis membrane has multiple and different characteristics and acquires a unique and characteristic protein layer following interactions with blood components. Identification of proteins surface-adsorbed onto HD membranes can give important insights into reactions taking place during the dialysis procedure and is therefore relevant to evaluating the material's biocompatibility. The collected evidence supports the concept \[[@B84-ijms-16-26189]\] that classification of membranes into biocompatible and bioincompatible, particularly with the advent of synthetically modified cellulose membranes, is not a simple division into synthetic and cellulosic membranes, respectively. In keeping with this, a recent study analyzing the dialysate proteome pattern showed strong interaction with plasma proteins resulting in significantly higher protein loss during dialysis sessions with the synthetic Polyflux membrane than with a modified cellulosic membrane \[[@B85-ijms-16-26189]\].

6. Conclusions {#sec6-ijms-16-26189}
==============

Proteomic investigations are a powerful tool affording fundamental and advanced molecular knowledge in the field of uremia \[[@B86-ijms-16-26189]\]. Further development of comprehensive molecular strategies such as proteomics will be essential for implementation of third and fourth generation biomaterials. Today, proteomics has allowed us to identify several previously unknown toxins, and to better characterize the removal profile of different HD dialyzers and systems. Proteomic analysis also proves a suitable approach to monitoring the adsorption of plasma proteins onto membranes used in HD therapy, the key factor determining the following events during the dialysis procedure. Despite the advances in mass spectrometry and protein technology, however, the translation of proteomics into new membrane materials and consequently into clinical practice is lagging behind. Membrane materials for HD are currently applying concepts that were introduced in other areas of biomaterials more than 25 years ago. Nevertheless, much current effort, including the development of improved omics-study designs, and multicenter validations with multidisciplinary teams possessing complementary knowledge, hold out promise of a more widespread and effective development of new materials.

Hemodialysis treatment should ideally ensure minimal activation of blood components upon blood--membrane material interaction and remove uremic-retained solutes in a defined MW range. Application of proteomics may provide information relevant to renal replacement therapy, and a valid support to manufacturers and dialysis technologists. This should lead to more biocompatible and efficient dialysis strategies, to the potential benefit of the uremic patient.
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